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Abstract
The co-adsorption of hydrogen with a simple chiral modiﬁer, alanine, on Ni{111}
was studied using Density Functional Theory in combination with ambient-pressure
X-ray photoelectron spectroscopy and X-ray absorption spectroscopy at temperatures
of 300 K and above, which are representative of chiral hydrogenation reactions. De-
pending on the hydrogen pressure, the surface enables protons to pop on and oﬀ
the modiﬁer molecules, thus signiﬁcantly altering the adsorption geometry and chem-
ical nature of alanine from anionic tridentate in ultra-high vacuum to predominantly
zwitterionic bidentate at hydrogen pressures above 0.1 Torr. This hydrogen-stabilised
modiﬁer geometry allows alternative mechanisms for proton transfer and the creation
of enatioselective reaction environments.
Introduction
The chemical state and orientation of amino acids bound to transition metal surfaces are
questions of growing interest owing to their relevance to enantioselective catalysis. The best
studied enantioselective reaction involving amino acids is the hydrogenation of β-ketoesters
(speciﬁcally methyl acetoacetate) over amino or hydroxy acid modiﬁed Ni catalysts, such as
Raney nickel or highly dispersed Ni particles.1,2 The fact that both activity and selectivity
are higher for relatively large catalyst particles suggests that the reaction takes place on low-
Miller-index planes.3,4 Enantioselective hydrogenation of a range of other molecules has also
been demonstrated, including β-diketones, methyl ketones and prochiral 2 and 3-alkanones.5
A wide variety of techniques and model calculations have been deployed historically to
ascertain details regarding the adsorption of amino acids on single crystal transition metal
surfaces.628 A consensus has developed that the binding mode for glycine and alanine on
Cu is as the anion, with a total of three bonds forming between Cu atoms and the N and
O atoms of the adsorbate. This tridentate binding mode is the dominant form on those
surface terminations studied, although a minority bidentate mode (where alanine binds as
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the zwitterion via the carboxylate O atoms alone) has been seen on Cu{111}.26 On Ni{111}
recent results have shown a more complex picture involving considerable decomposition of
the adsorbate, and the relative abundance of the bidentate zwitterion is found to decrease
with temperature.28 Decomposition of the adsorbed molecules on Ni{111} has been observed
to begin at ≈ 320 K.
In no case has the eﬀect of hydrogen on the adsorption of amino acids been studied,
in spite of the obvious need of H atoms being present at the surface for a Langmuir-
Hinshelwood-type hydrogenation reaction. This lack of data has been due to the inability of
traditional surface science techniques to operate under the elevated pressure and temperature
conditions needed to emulate an active catalyst. Instead experiments tended to be carried
out in UHV and at reduced (in some cases cryogenic) temperatures in order to approach
surface saturation. This has lead to a thermodynamic gap between previous results and
the required data. New ambient-pressure instrumentation now makes hydrogen pressures in
the range of > 0.1 Torr available for photoemission spectroscopy.2931
In this work we have studied the adsorption and protonation of alanine on Ni{111} in
the presence of a hydrogen atmosphere up to 4× 10−1 Torr in order to determine the eﬀect
this will have on the binding mode of the amino acid and its thermal stability. Strikingly,
hydrogen was found to pop onto the tridentate anion, forming the bidentate zwitterion
at high hydrogen pressure (≥ 1 × 10−1 Torr). Partial protonation and/or involvement in
hydrogen bonding of the carboxylate group is also seen. When the hydrogen pressure was
removed, the proton would pop oﬀ the amine at 328 K, and the adsorbate reverts to the
anionic form. Hydrogen was found to prevent decomposition, with molecular desorption
observed for high hydrogen pressures. Hydrogenation of decomposition products is also
shown at lower pressures.
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Methods
Experimental
XPS (X-ray Photoelectron Spectroscopy) and NEXAFS (Near-Edge X-ray Absorption Fine
Structure) experiments were performed at the near-ambient pressure endstation of beamline
9.3.2 at the ALS Synchrotron in Berkeley, USA, which has been described elsewhere.32,33 The
endstation system consisted of two chambers, the high pressure analysis chamber and a UHV
preparation chamber, which were linked via a linear transfer system. The base pressures were
1×10−8 Torr and 1×10−10 Torr in the respective chambers. The preparation chamber housed
a LEED system, sputter gun, and a home-built organic evaporator described below. The
analysis chamber was attached to the beamline and was equipped to permit XPS at ambient
pressures, with a Scienta SES 200 analyzer aﬀording ultimate resolutions between 0.3 eV
and 0.6 eV at the energies employed. The analyzer was ﬁtted with electron optics within
four diﬀerentially pumped stages, each equipped with turbo-molecular pumps. The Ni{111}
single crystal (diameter 8 mm) was mounted via tungsten clips to a custom-built cartridge
holder containing a button heater (available in both chambers) and linked to a closed cycle
cooling loop (when mounted in the analysis chamber) allowing temperatures between 260 K
and 1100 K to be used, albeit with a low rate of cooling.
Standard procedures including Ar+ ion sputtering, and a ﬁnal annealing step to 1000 K
in UHV were applied for sample cleaning. Cleanliness was checked by XPS. The sample
temperature was measured by means of a K-type thermocouple pressed against the sample.
L-alanine (> 98 % from Aldrich) was dosed by using a home-built evaporator for organic
molecules. The evaporator design consists of a resistively heated stainless steel crucible
containing a glass tube ﬁlled with the organic material to be evaporated. A K-type ther-
mocouple was attached to the crucible for accurate and reproducible temperature control.
L-alanine was dosed by heating the crucible to temperatures between 140◦ C and 155◦ C.
L-alanine was adsorbed at a sample temperature of 300 K. XP spectra in the C 1s, N 1s,
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and O 1s regions were recorded in a geometry close to normal emission using photon energies
of 410 eV, 525 eV and 650 eV, respectively, and a pass energy of 50 eV. Spectra of the Fermi
edge were measured after each change in the beamline settings with the same monochromator
and analyzer parameters (photon energy, pass energy) to calibrate the binding energy oﬀset.
In order to study the temperature dependence of the absorbed alanine layers, fast XP spectra
were recorded at a photon energy of 650 eV and a rate of typically 42-45 s per spectrum
while annealing the sample manually at a rate between 0.1 K s−1 and 0.2 K s−1 (4-8 K per
spectrum).
NEXAFS spectra were recorded in Auger yield mode with the horizontally polarized X-
ray beam hitting the sample 15◦ and 45◦ with respect to the surface plane (i.e. polarization
vector at 15◦/45◦ with respect to the surface normal). The O, C, and N K-edge spectra were
recorded with the analyzer set to constant kinetic energies of 507.5 eV, 263.0 eV, 381.0 eV,
respectively, and a pass energy of 200 eV, which corresponds to an detection window of
approximately ±10 eV centered at the selected kinetic energy. The photon energy was
scanned from 525-560 eV (O), 280-310 eV (C), and 395-415 eV (N) in steps of 0.25 eV. The
photon ﬂux, I0, was recorded by measuring the photo-current from a gold mesh inserted into
the beamline. NEXAFS spectra were measured for the clean surface and after adsorption
of L-alanine. The alanine spectra were normalised with respect to the pre-edge (low photon
energy) background, and had the clean-surface spectra subtracted, which were normalised
in the same way. In a last step, the background-corrected spectra were divided by I0 and
normalised with respect to the post-edge (high photon energy) background. Note, the photon
energy was not calibrated; therefore the peak positions diﬀer slightly from other studies of
the same system, e.g. Ref.28
Computational - DFT Modelling
Density Functional Theory calculations were performed using the CASTEP code,34,35 at
the generalized gradient approximation level of theory with the Perdew Burke Ernzerhof
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exchange-correlation functional.36 The plane wave basis set was expanded to a 360 eV kinetic
energy cutoﬀ and reciprocal space was sampled with a (3× 3× 1) Monkhorst-Pack k-point
grid.37 Electron-ion interactions were included within the ultrasoft pseudopotential scheme,38
and van der Waals (vdW) interactions were accounted for with the dispersion force correction
methodology developed by Tkatchenko and Scheer.39 The force tolerance for the structural
calculations was set to 0.04 eV Å−1.
The Ni{111} surface was modelled by a 5 layers thick slab of Ni atoms with a 17 Å vacuum
gap and a lateral p(6×6) supercell. Within this supercell diﬀerent monomer and dimer start
geometries were optimised. Here we only report zwitterionic structures compatible with
the experimental ﬁndings at high hydrogen pressures. A complete account of all modelled
structures will be the subject of a forthcoming publication. The adsorption energies for
zwitterionic species were calculated as:
Eads = EAla,ads − n · EAla,gas − Eclean (1)
Where EAla,ads, EAla,gas, and Eclean refer to the total energies of alanine adsorbed on the Ni
slab, alanine in the gas phase, and the clean Ni slab; n is 1 for a monomer and 2 for a dimer.
Results and Discussion
Chemical State
Figure 1 shows the eﬀect of increased hydrogen pressure on diﬀerent coverages of alanine
(0.07 ML, 0.19 ML and 0.25 ML). In our earlier study the saturation coverage of alanine
on Ni{111} under UHV conditions was determined to be ≈ 0.25 ML.28 The presence of a
hydrogen atmosphere introduces a calibration issue in that inelastic scattering of the ejected
photoelectrons by the hydrogen gas causes the spectrum to be attenuated. Removal of the
hydrogen pressure, however, causes the signal to recover to the total integrated area prior
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to exposure to hydrogen. The spectra presented here are shown with normalised integrated
areas. Interestingly, at 2×10−3 Torr the loss in intensity of the C 1s and O 1s peaks recorded
at photon energies of 410 eV and 650 eV (57 % of the signal measured in UHV) was much more
signiﬁcant than the attenuation of the N 1s peaks recorded with a photon energy of 525 eV
(75 %). This is despite the fact that the ejected photoelectrons have approximately the same
kinetic energy (∼ 125 eV) and hence the same inelastic mean free path in hydrogen, and
that hydrogen absorption of X-rays can be neglected at this pressure. It raises the likelihood
that the adsorbate conformation on the surface changes as the hydrogen pressure increases,
thus causing variation in photoelectron diﬀraction intramolecular attenuation, which in turn
leads to variation in the relative intensities of C 1, O 1s, and N 1s.
Under UHV conditions the C 1s spectra (Fig. 1 a., b. and c.) exhibit six peaks with
binding energies of ∼ 283.5 eV, 284.5 eV, 285.0-285.3 eV (this peak is shifting to lower
binding energy with increasing alanine coverage), 285.7 eV, 287.3 eV and 288.7 eV. Atomic
carbon or HxCN are assigned at 283.5 eV4042 and -C=C- groups at 284.5 eV.4349 The
285.3 eV peak's incongruously high intensity at low coverage, coupled with its apparent shift
to 285.0 eV at higher coverage, is consistent with known behavior of CO when co-adsorbed
with hydrocarbons.50 Peaks at 285.7 - 286.1 eV, 287.3 eV, and 288.9 - 289.1 eV are assigned
as for Cu{110} and Cu{111}.13,26 The 285.7 eV signal is assigned to the superposition of
peaks arising from the methyl and α-C atoms in the anionic alaninate. The 287.3 eV peak
is assigned to a combination of the α-C atom of zwitterionic alanine (bound to a -NH+3
group) and a decomposition fragment, as in previous work.28 This interpretation is somewhat
challenged by the lack of growth of this peak at high pressures, when the 401.7 eV (-NH+3 )
peak grows (see below). It is suggested that, as the alanine transitions to the bidentate form,
the -NH+3 group occludes the α-C atom (see NEXAFS and DFT results below) and, hence,
the signal generated from this group is attenuated. For the 0.25 ML coverage, as hydrogen
pressure is increased above 2× 10−3 Torr, the spectrum changes signiﬁcantly with the peak
at 287.3 eV being reduced and an apparently new peak growing at 286.5 eV (denoted as ∗
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in Fig. 1 a.). Concomitantly a sharp peak grows at 288.5 eV (denoted as ∗∗ in Figure 1
a.).
Three peaks make up the N 1s spectra, at 401.7 eV, 399.7 eV and 397.3 eV (Fig. 1 d., e.,
and f.). As in previous work, these peaks are assigned to -NH3 +, -NH2, and -CN dissociation
fragments, respectively.24,25,28 Under UHV conditions and at saturation coverage, the N 1s
signal at 401.7 eV represents a minority species with an integrated peak area of ∼ 10 %
relative to the main peak at 399.7 eV. At pressures above 2 × 10−3 Torr this peak shows a
signiﬁcant increase in intensity at the expense of the 399.7 eV species, becoming the dominant
peak at 4× 10−1 Torr.
O 1s spectra (Fig. 1 g., h., and i.) exhibit two chemical environments with peaks at
531.5 eV and 533.5 eV. These environments are assigned to a deprotonated COO group
bound to the surface through both O atoms (531.5 eV) and to a protonated -COOH group,
which is presumed to bind to the surface through a single O atom (531.5 eV) leaving the OH
(533.5 eV) dangling and available for hydrogen bonds.24 Alternatively, the 533.5 eV peak
could also be assigned to an oxygen atom, which is detached from the surface and acts as
hydrogen-bond acceptor of an inter-molecular hydrogen bond, i.e. -COO· · ·H. Increasing
hydrogen pressure, and so abundance of hydrogen on the surface, increases the intensity of
the 533.5 eV peak relative to the 531.5 eV peak from ∼ 8 % under UHV conditions and
0.25 ML coverage to ∼ 13 % under 4 × 10−1 Torr of hydrogen. There is no such relative
growth at lower coverages, which suggests that the -COOH/-COO· · ·H groups not only
require surface hydrogen to be produced, but also alanine molecules in close proximity. This
is presumably because the -COOH groups are stabilised via hydrogen bonding with adjacent
alanine molecules.
The changes in the N 1s and O 1s spectra observed at high pressures and saturation cov-
erage support the conclusion that alanine is protonated on the surface at hydrogen pressures
above 10−1 Torr, with the -NH2 being converted to -NH+3 and, to a lesser extent, -COO
to -COOH/-COO· · ·H. In both cases the adsorption geometry changes from tridentate to
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bidentate and hydrogen attaches to the adsorbate at elevated hydrogen pressures.
As mentioned above, the peak at 286.5 eV grows signiﬁcantly (marked ∗ in Fig.1 ),
together with a sharp peak at 288.7 eV (marked ∗∗ in Fig. 1 ). These peaks are unlikely
to be due to co-adsorption of a contaminant from the gas phase, as no similar behavior is
seen at the lower coverages. Therefore, these peaks are tentatively assigned to the -COOH/-
COO· · ·H carbon (∗) and the carbon of the -COO group of the zwitterion still bonded to
the surface (∗∗) although this has not previously been observed in the UHV data at 250 K.
Molecular Orientation - NEXAFS
NEXAFS data were recorded at 300 K with incidence angles of 45◦ and 15◦ with respect to
the surface plane, both in UHV and at 4×10−1 Torr of hydrogen. The O K-edge spectra are
shown in Figure 2. Only these were used for the determination of molecular orientation, as
the C data were distorted by carbon contamination of the beamline and the N data showed
little angular dependence (see Supporting Information for spectra and more details). The
UHV data were acquired at a coverage of 0.21 ML and the hydrogen data at 0.25 ML. The
O K-edge spectra contain two main features, at 532.5 eV and around 545 eV. In addition,
a low-intensity broad feature around 527.9 eV is observed under hydrogen pressure. This is
too low in energy for O K-edge absorption and is probably an artefact due to incomplete
background subtraction (note that the clean surface spectra were recorded in UHV). The
resonance feature at high photon energy consists of several broad features assigned to a
combination of σ resonances arising from C-O, C-C, and C-N bonds. The peak at 532.5 eV
is assigned to the pi∗ transition within the COO group. It shows very diﬀerent widths and
a slight shift in energy between the spectra recorded in UHV (FWHM: 2.5 eV; position:
532.49 eV ) and under hydrogen pressure (FWHM: 1,6 eV; position: 532.46 eV). Therefore
we associate them with diﬀerent surface species. The small shoulder at 534.1 eV, which
is observed under hydrogen atmosphere, is associated with a pi∗ transition in the COOH
group, which is observed in XPS at these pressures (see Fig. 1). The origin of the diﬀerent
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widths is unclear. It is unlikely that it is inhomogeneous broadening, as XPS indicates a
more inhomogeneous layer under hydrogen atmosphere whereas the NEXAFS spectra show
a narrower peak. A more likely origin is due to diﬀerences in lateral vibrations and/or the
electronic overlap between molecular orbitals and metal states on the clean vs hydrogen-
covered surface. The angular dependence of the spectra was quantiﬁed by ﬁtting with a
function composed of a two Gaussian functions representing the pi∗ resonance and the σ∗
resonances, a step function at 534.0 eV, and a linear background (details of data analysis are
described in the Supporting Information). The complete ﬁts and the Gaussians representing
the pi∗ resonance peaks at 532.5 eV are included as solid/dashed lines in Figure 2. The
intensity ratios between the pi∗ peaks of the spectra recorded at 45◦ and 15◦ are 1.38 for the
layer in UHV and 0.64 for 4×10−1 Torr hydrogen. These correspond to inclination angles of
the COO group of 63◦ and 34◦, respectively, relative to the surface plane.51 The error margin
for these values was estimated as ±5◦ by applying diﬀerent methods of data treatment and
ﬁtting. The former inclination angle is in good agreement with our earlier investigation of
alanine on Ni{111} at 250 K,28 while the latter is very diﬀerent from this value.
The conclusion from these NEXAFS data is that the alanine occurs adsorbed on the
surface in two diﬀerent conformations, depending on whether or not the surface is exposed
to hydrogen. The conformers are discriminated by diﬀering tilt angles of the COO plane.
It is presumed that these correspond to tridentate (63◦) and bidentate (34◦) adsorption. It
is surprising that the COO plane of the bidentate species appears more titled towards the
surface plane than the tridentate species.
Molecular Orientation - DFT
In order to investigate the molecular orientation of the alanine zwitterions further, the ad-
sorption of zwitterion monomers and dimers on Ni{111} was modelled using dispersion-
corrected Density Functional Theory. Figure 3 shows the most stable adsorption geometries.
The adsorption energies are 1.78 eV for the bidentate monomer (no stable monodentate
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monomer structure was found) and 3.49 eV for the most stable dimer, which involves one
bidentate and one monodentate molecule. This is in good agreement with previously re-
ported vdW-corrected DFT results for amino acids adsorbed on metal surfaces.52 The dimer
is a model of the adsorbate at high coverage and allows investigating the eﬀect of hydrogen
bonding interactions. Its structure indicates strong hydrogen bonds between neighboring
molecules through the -NH+3 and the COO
− groups with an O· · ·H distance of 1.67 Å. A
weaker intra-molecular hydrogen bond is observed between the -NH+3 and the COO
− groups
in the monomer, where the O· · ·H distance is 1.90 Å. However no such intra-molecular hydro-
gen bonding is observed in the dimer, where the corresponding O· · ·H distances are greater
than 2.2 Å, which is too large for a signiﬁcant interaction.53 In addition, there appears to be
signiﬁcant (electrostatic) interaction between one H atom of each of the -NH+3 groups and
the Ni substrate (Ni-H distances 2.36/2.42 Å in the dimer and 2.50/2.56 Å in the monomer),
which explains the small tilt angles of the COO groups. The tilt angles (with respect to the
surface plane) of the geometries shown in Figure 3 are 33.5◦ for the monomer and 34.6◦/41.0◦
for the dimer. This is in good agreement with the experimental value of 34◦ from NEXAFS.
Interestingly, the surface bond of the two carboxylate groups in the dimer is not equivalent.
One of the oxygen atoms of the molecule on the right in Figure 3 is signiﬁcantly lifted in
order to accommodate the hydrogen bond with the neighboring molecule. This is compatible
with the observation of the O 1s peak at 533.5 eV in XPS (see Fig. 1), which was assigned
to an oxygen atom involved in an inter-molecular hydrogen bond. Similar µ2 transitions in
high coverage phases of alanine have been hypothesized to occur on other metal surfaces.27
The contribution of the hydrogen bond to the adsorption energy was estimated at 0.60 eV by
calculating the energies for the two component molecules separately. Nevertheless, the dimer
appears slightly less stable than the bidentate monomer (1.74 eV vs 1.78 eV per molecule).
Tridentate monomer and dimer structures of anionic alanine were also modelled by DFT
(see Supporting Information). The COO tilt angles of the most stable structures range
between 28.6◦ and 33.1◦, which deviates signiﬁcantly from the experimental value of 63◦
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found by NEXAFS.
Temperature Dependence
The inﬂuence of hydrogen on the decomposition pathway was probed using Temperature
Programmed XPS (TP-XPS). The decomposition of organic adsorbates on metal surfaces
in vacuum is normally considered in terms of sequential dehydrogenation reactions.54 Under
elevated hydrogen pressures it might be expected that the chemical equilibrium is shifted
towards the preservation of the intact adsorbate up to higher temperatures. This is, however,
not observed.
N 1s TPXPS data for hydrogen pressures of 2×10−3 Torr, 1×10−1 Torr, and 4×10−1 Torr
are presented in Figures 4 a.-c., with line proﬁles integrated over a width of 2 eV being shown
in Figures 4 d.-f.. In all cases 0.25 ML of alanine were deposited at 300 K in UHV and
afterwards exposed to the indicated pressures.
The 399.7 eV peak (-NH2) begins to decrease at ∼ 328 K in all the systems probed while
the 401.7 eV (-NH+3 ) peak decreases from the start of the temperature ramp at 300 K. In
each case, the -NH+3 and -NH2 peak intensities drop to near zero by 400 K, while the 397.3 eV
peak (associated with CN fragments) grows. The decay and loss of these peaks are taken
as a proxy for the thermal decomposition of the amino acid on the surface, and show that
this decomposition process is not signiﬁcantly inhibited at these hydrogen pressures. At
pressures of 2 × 10−3 Torr and 1 × 10−1 Torr, the 399.7 eV peak shifts to 400.0 eV above
∼ 350 K, which is evidence that the amine group decomposes at this temperature.
The behavior is very diﬀerent at 4 × 10−1 Torr hydrogen. Figures 4 c. and f. only
show diminution with increasing temperature in the intensities of the peaks associated with
anionic (up to 328 K) and zwitterionic alanine (up to ∼ 400 K). There is no growth of the
-CN fragment at 397.3 eV. This can be explained either by the bidentate form desorbing
molecularly, or by decomposition of the bidentate amino acid followed by a rapid clean up
reaction.
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It is evident from Figure 4 that, under increased hydrogen pressure, the ultimately evolved
CN species is lost from the surface at progressively lower temperatures: at 730 K under
UHV conditions28 (813 K in Figure 5 under UHV with diﬀerent preparation), at 660 K for
2 × 10−3 Torr, 640 K for 1 × 10−1 Torr, and not evolving at all for 4 × 10−1 Torr. This is
presumably through hydrogenation to an HxCN species. Similar behavior has been observed
for the hydrogenation of cyclohexamine residues on Ni{111} and {100}.55
Figure 5 shows TP-XPS data for a saturated alanine layer exposed to 4 × 10−1 Torr at
300 K hydrogen before being returned to UHV conditions at the same temperature. Initially,
the protonation is not reversed, however, the C 1s and N 1s spectra indicate a conversion
back to the anionic species at approximately 320 K. Intensity is lost from the 401.7 eV
N 1s peak, while the 399.7 eV peak grows by a similar amount. This is consistent with
a switch from the zwitterionic bidentate form to tridentate anionic alanine, normally seen
under UHV conditions (see Fig. 1). The proton detaches from the amine group prior to the
decomposition of the body of the adsorbate molecule. The ensuing decomposition follows
the process discussed previously for the layer prepared under UHV conditions.28
Conclusions and Summary
Under elevated hydrogen pressures (> 1× 10−1 Torr), XPS and NEXAFS data concur that
the amino group of the adsorbed alanine is protonated and converts from anionic -NH2 to
a zwitterionic -NH+3 species. As a result alanine re-orients on the surface. The majority
species in the hydrogen atmosphere has a bidentate binding mode with the -NH+3 group
detached from the surface, as opposed to a tridentate binding mode under UHV conditions,
where the -NH2 group forms an additional bond with the surface. It is important to note,
however, that this transition is only observed at saturation coverage, 0.25 ML. The layers
with lower coverages, 0.19 ML and 0.07 ML, investigated in this study remain in a tridentate
conﬁguration up to the maximum pressure of 4× 10−1 mbar.
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This alteration to the binding mode raises some intriguing possibilities: First, it has
generally been assumed hitherto that the source of hydrogen for the enantioselective hy-
drogenation of target molecules was dissociated hydrogen on the metal surface.5,5660 The
protonation of the modiﬁer molecule alanine oﬀers the alternative possibility that a proton is
taken from the -NH+3 group as at least one step in the hydrogenation of the target molecule.
Such reaction steps are known from natural enzyme reactions.61 Second, breaking the bond
of the amine group with the surface at elevated hydrogen pressures alters the alanine ad-
sorption complex from tridentate to bidentate binding. This transition removes the chiral
footprint.62 Consequently one could argue that a chiral interaction on the surface between
a single modiﬁer molecule and the target molecule can no longer be the source of the enan-
tioselectivity. It is more likely that the enantioselective reaction environment is created by a
supra-molecular arrangement involving several modiﬁer molecules. Also the small tilt angle
of the COO group with respect to the surface plane hints at structures aﬀected by strong
hydrogen bonding, which is supported by our DFT modelling. The dimer structure shown
on the right-hand side of Figure 3 shows hydrogen bonds between neighboring molecules
and a hydrogen-mediated attractive interaction between the -NH+3 groups and the surface,
which both contribute to the small tilt angles of the carboxylate groups. In addition, the
dimer in Figure 3 clearly provides a chiral template for adsorbed reactants and the -NH+3
groups of both zwitterions can act as hydrogen source for the hydrogenation reaction. Of
course, there is a multitude of other possible arrangements, including higher oligomers and
compounds of zwitterions and anions, such as those found on Pd{111},63,64 which may be
compatible with the experimental ﬁndings (note that there is still a signiﬁcant amount of
anionic alanine present on the surface at 4×10−1 Torr). However, they will most likely share
the above features of hydrogen bonding and chiral templating.
There is a signiﬁcant mismatch between the experimental value for the tilt angle of the
COO group in the anionic species found under UHV conditions (63◦) and the values found
by DFT modelling for the most stable monomer and dimer structures (around 30◦). This
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may again point towards more complicated supra-molecular structures.
Our TP-XPS experiments examined the thermal stability of protonated alanine. Under
the maximum hydrogen pressure of 4×10−1 Torr of this study the bidentate zwitterionic and
tridentate anionic forms desorb molecularly. Under these conditions thermal decomposition
on the surface is not observed in contrast to previously reported behavior in UHV. At the
intermediate pressures examined (1× 10−3 Torr and 1× 10−1 Torr) the -CN decomposition
fragments, which are generated by thermal cracking of the alanine, are hydrogenated and
leave the surface at far lower temperatures than in UHV (where the -CN fragment releases
N2 and dissolves C into the bulk).
Protonation of alanine followed by the removal of the applied hydrogen pressure results
in a meta-stable bidentate protonated species on the surface, which converts back to the tri-
dentate anionic form at 320 K before decomposing following the same path as in UHV (see
Fig. 5). Our experimental set-up did not allow monitoring the evolution of hydrogen during
the temperature ramp, but earlier work has shown that hydrogen desorbs from Ni{111} in
the temperature range between 300 K and 400 K under UHV conditions.65,66 It is, therefore,
not unlikely that the transition from zwitterionic bidentate to tridentate anionic alanine is
triggered by the desorption of co-adsorbed hydrogen from the surface, thus making adsorp-
tion sites available for the de-protonation reaction. As surface hydrogen cannot be detected
by XPS, it impossible to estimate the amount of hydrogen present at the surface under ele-
vated pressure conditions. It is, however, obvious from the TP-XPS data shown in Figure 4
that signiﬁcant levels of surface hydrogen are present well above 400 K to aﬀect the reaction
pathway of the decomposition products.
In summary, co-adsorption of the simplest molecule (H2) with the simplest chiral modiﬁer
(alanine) at temperatures representative of chiral hydrogenation reactions (& 300 K)1 has
been found to signiﬁcantly alter the chemical environment on a model catalyst surface. This
study re-emphasises the need for care when extending conclusions formed in UHV and low
temperatures across the thermodynamic gap to room temperature reactions. This behavior
15
further shows that more surface-sensitive experiments under near-reaction conditions (e.g.
interaction with solvents, oxide layers and other reagents) are needed to gain understanding
of complex multi-adsorbate systems.
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Figure 1: C 1s (a.-c.), N 1s (d.-f.) and O 1s (g.-i.) XP spectra of L-alanine layers on
Ni{111} of diﬀerent coverages under hydrogen pressures varying from UHV to 4×10−1 Torr.
All spectra were recorded at 300 K, with photon energies of 410 eV, 525 eV and 650 eV,
respectively. Grey dots represent raw data and continuous lines ﬁtted peaks.
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Figure 2: Auger yield O K-edge NEXAFS for alanine adsorbed on Ni{111} at 300 K. Spectra
recorded in UHV (0.21 ML, bottom) and 4 × 10−1 Torr hydrogen (0.25 ML, top) at angles
of incidence of 15◦ (full circles/solid lines) and 45◦ (open circles/dotted lines) with respect
to the surface plane. Dots represent data points; the lines overlapping with the data points
represent the complete ﬁts to the spectra, as discussed in the text; the lines below the actual
spectra represent the pi∗ resonance peaks extracted from the ﬁts.
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Figure 3: DFT-optimised adsorption geometry of an isolated alanine zwitterion (left) and a
dimer of alanine zwitterions (right) on Ni{111}. The top row shows top views, the bottom
row side views of the same geometries. Key bond lengths are indicated the diagrams (see
text for details).
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Figure 4: a. - c.: N 1s TP-XPS data recorded for 0.25 ML of alanine on Ni{111} under
varying hydrogen pressure; d. - f.: line proﬁles showing the temperature dependence of
characteristic peaks in 2 eV wide bands. Heating rate 0.1−0.2 K s−1; photon energy 650 eV.
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Figure 5: TP-XPS data recorded for 0.25 ML of alanine adsorbed on Ni{111}. After adsorb-
tion of a saturated alanine layer, the sample was exposed to 4 × 10−1 Torr of hydrogen for
∼ 300 s before the chamber was returned to UHV for the TP-XPS experiment. a.-c.: TP-
XPS spectra in the C 1s, N 1s, O 1s regions; d. - f.: individual spectra at key temperatures;
g. - i.: line proﬁles showing the temperature dependence of characteristic peaks in 2 eV wide
bands (see text for details). Heating rate 0.1− 0.2 K s−1; photon energy 650 eV.
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